50 mM NaCl) and loaded onto a QMA column (Waters) equilibrated with buffer B and then eluted with a linear 50-600 mM NaCl gradient. Fractions containing acidic calponin were pooled, concentrated and applied to an AcA-54 column equilibrated with buffer B containing 700 mM NaCl. The acidic calponin rich fraction was subjected to chromatography on a DEAE column (Waters) equilibrated with buffer B and then eluted with a linear 50-600 mM NaCl gradient. The acidic calponin-rich fractions were collected, concentrated by ultrafiltration and dialyzed against buffer C (25 mM MES-NaOH, pH 6.9, 0.2 mM DTT and 60 mM NaCl). After centrifugation at 100000ϫg for 30 min at 4°C, purified acidic calponin was stored at Ϫ80°C. The yield of purified acidic calponin was about 10 mg per liter of culture medium.
Basic calponin, tropomyosin and desmin were purified from chicken gizzard according to the methods described by Fujii, 16) Fujii et al. 29) and Fujii et al. 21) , respectively. The following proteins were isolated by means of the cited methods: rabbit skeletal muscle actin, 24) rabbit skeletal muscle myosin, 24) rat brain microtubule proteins, 22) porcine brain calmodulin 24) and porcine brain S100.
24)
Binding Assays The binding of acidic and basic calponins to F-actin, 16) microtubules, 22) desmin intermediate filaments 21) and PS vesicles 27) was measured by the co-sedimentation assay method as described. Actin-binding assay was performed in buffer C containing 0.5 mM MgCl 2 in a final volume of 100 ml. The concentrations of acidic calponin and F-actin were 0-6 mM and 6 mM, respectively. Acidic calponin was incubated with 0.4 mg/ml microtubule proteins in 60 mM MES-NaOH, pH 6.8, 1 mM MgCl 2 , 0.3 mM DTT, 0.5 mM EGTA, 25 mM NaCl and 10% glycerol (for microtubules), with 5 mM desmin in 25 mM MES-NaOH, 5 mM Tris-acetate, pH 7.2, 0.5 mM MgCl 2 , 0.05 mM DTT and 20 mM NaCl (for desmin filaments), or with 0.1 mg/ml PS in 20 mM Tris-HCl, pH 7.4, 1 mM MgCl 2 , 0.2 mM DTT, 0.2 mM EGTA and 20 mM NaCl (for PS vesicles). The samples were incubated for 20 min at 30°C and centrifuged at 100000ϫg for 30 min at 25°C (for F-actin and microtubules) or 14000ϫ g for 30 min at 25°C (for desmin filaments and PS vesicles). The resulting supernatants and pellets were examined using the Laemmli sodium dodecyl sulfate-polyacrylamide gel electro phoresis (SDS-PAGE) system. 30) The quantity of protein in each supernatant and pellet was determined by densitometry.
The binding of acidic calponin to tropomyosin, calmodulin and S100 was assessed by bead-assay. The samples were incubated in buffer C containing 0.5 mM MgCl 2 with 50 ml of tropomyosin-beads or 0.5 mM CaCl 2 with 50 ml of calmodulin-beads or S100-beads for 30 min at 25°C and pelleted at 10000ϫg for 2 min at 25°C. The precipitates were washed one time with the same buffer and suspended in 50 ml of buffer C containing 500 mM NaCl for tropomyosin binding or buffer C containing 1 mM EGTA for calmodulin-and S100-bindings. After centrifugation, the supernatants obtained were mixed with sample buffer and denatured by boiling for 2 min. Denatured samples were resolved by SDS-PAGE. The gels were stained with Coomassie Blue and destained, and the quantity of protein in each supernatant and pellet was determined by densitometry.
Chemical Cross-Linking Complexes between acidic calponin (6 mM) and actin (6 mM) were demonstrated by chemical cross-linking using 1-ethyl-3[3-(dimethylamino)-propyl]carbodiimide (EDC). After incubation for 0-60 min at 30°C, the reaction was quenched by adding SDS-PAGE loading buffer, and the samples were subjected to electrophoresis.
Gel Overlay Assay Actin and its fragments digested with V8 protease (1/30 w/w) were separated on 12.5% SDS-PAGE and electrophoretically transferred onto nitrocellulose (Advantec). Membranes were blocked with TBS-T (25 mM Tris-HCl, pH 7.2, 50 mM NaCl, 0.5% Tween-20) containing 5% BSA for 12 h at 4°C and washed (3 times, for 15 min each) in TBS-T. Then, membranes were incubated with 0.1 mg/ml acidic calponin or 0.025 mg/ml basic calponin in TBS-T for 1 h at room temperature. After washing extensively, membranes were incubated with 1 : 2000 dilution antiacidic calponin antibodies (Covance Res. Pro.) or 1 : 300 dilution anti-basic calponin antibodies 24) in TBS-T for 1 h at room temperature. Again after washing extensively, membranes were incubated with 1 : 30000 peroxidase-conjugated secondary antibodies against rabbit immunoglobulin in TBS-T for 1 h at room temperature. Following extensive washings in TBS-T, the blots were visualized with Super Signal CL-HRP Substrate System (Pierce).
Electron Microscopy Samples of 10 ml were placed on carbon-coated 400-mesh grids, and incubated for 1 min. The grids were stained with 10 ml of 2% (w/v) uranyl acetate solution for 2 min. This solution was wicked off, the grids were air-dried, then viewed on a JEOL JEM-2010 electron microscope and photographed.
ATPase Activity ATPase activity was measured in 20 mM Tris-HCl, pH 7.2, 50 mM KCl, 2.5 mM MgCl 2 , 0.5 mM CaCl 2 , 0.2 mM skeletal muscle myosin, 0.3 mM skeletal muscle actin and various amounts of acidic and basic calponin (0-8 mol/mol of actin). The reaction was initiated by the addition of 2 mM ATP and stopped by the addition of 20 mM silicotungstic acid in 10 mM H 2 SO 4 after incubation for 5 min at 30°C. The liberation of inorganic phosphate was measured as described previously. 24) Amino Acid Sequence Determination Following separation by SDS-PAGE, acidic calponin was electroblotted to a polyvinylidene difluoride (PVDF) membrane and detected by Ponceau S staining. The amino acid sequence was determined using a Shimadzu PPSQ-21 Protein Sequencer.
Modification of Actin Actin (10 mM) was incubated with 11 mM N-(1-pyrenyl)iodoacetamide (pyrene) for 2 h at 25°C. 31, 32) Fluorescence measurements were carried out at 25°C with Shimadzu RF-5000 fluorescence spectrophotometer. Excitation and emission wavelengths were 365 and 407 nm, respectively. Circular Dichroism (CD) Spectra were recorded at 25°C over a wave length range of 190-250 nm on a JASCO J720 spectropolarimeter. An aliquot of the peptide solution was placed in a quartz cell (0.2 mm pathlength). All spectra were corrected by subtracting the baseline of the solvent. Results are expressed as molar ellipticity, [q], in units of deg cm 2 dmol
Ϫ1
. The mean residue molecular weight of acidic calponin was assumed to be 110 from the amino acid composition.
9)
Other Methods Matrix-assisted laser desorption/ionization (MALDI) mass spectra were obtained in linear mode on a Voyager TM Elite DE Biospectrometry TM Workstation (PerSeptive Biosystems) with a nitrogen pulse-gas laser set at a wavelength of 337 nm. Spectra were calibrated externally using three standards derived from myoglobin (molecular massϭ16950.7), bovine insulin (molecular massϭ5733.53) and angiotensin I (molecular massϭ1296.7). Acidic calponin was digested with chymotrypsin (1/1000 w/w) in buffer C. After incubation for 0-30 min at 25°C, the reaction was terminated by the addition of diisopropyl fluorophosphate (DIFP) to a final concentration of 2 mM. Tropomyosin, calmodulin and S100 were coupled to CNBr-activated Sepharose 4B (Pharmacia) following the procedures outlined by Pharmacia. About 4 mg of tropomyosin, 3 mg of calmodulin, or 3 mg S100 were linked to 1 ml of Sepharose. Proteins were assayed using a Bio-Rad protein assay kit with bovine serum albumin as a standard. Alternatively, proteins were spectrophotometrically determined using appropriate extinction coefficients: A280 nm of 6.8 for basic calponin; A280 nm of 5.5 for desmin, A290 nm of 6.5 for actin, A275 nm of 1.8 for calmodulin, A280 nm of 3.44 for S100 and A278 nm of 1.8 for tropomyosin.
RESULTS AND DISCUSSIION

Expression and Purification of Acidic Calponin
We constructed a recombinant pET20b(ϩ) vector encoding rat brain acidic calponin cDNA to express in BL21(DE3). Acidic calponin was purified from the culture supernatants as described in Materials and Methods. This protein migrated as a single band with a molecular mass of 37 kDa on SDS-PAGE. The purified protein was identified as acidic calponin by both amino-terminal amino acid sequencing and mass spectrometry. Purified acidic calponin was eluted at a position corresponding in size to about 35-40 kDa, when subjected to gel filtration on an AcA54 column (1.2ϫ80 cm), equilibrated with 20 mM MES-NaOH, pH 7 containing 100 mM NaCl, suggesting that this protein exists as a monomeric state in a similar to the basic calponin. 33) Interaction of Recombinant Acidic Calponin with Basic Calponin-Related Components Basic calponin has been reported to interact with F-actin, microtubules, desmin filaments, tropomyosin, calmodulin, S100 and PS vesicles. [1] [2] [3] [4] [5] [6] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] 27, 28) We examined whether the recombinant acidic calponin interacts with these proteins and PS vesicles using sedimentation and bead assays (Fig. 1) . Under the conditions where basic calponin interacted with these components, acidic calponin interacted with F-actin, but did not interact with the other proteins and PS vesicles with significant affinity.
Interaction of Acidic Calponin with F-Actin The binding of acidic calponin to F-actin was further studied by cosedimentation and chemical cross-linking assays. The amount of acidic calponin in F-actin pellet progressively increased with increasing the concentrations of acidic calponin. The results were plotted in the form of a Scatchard plot (Fig.  2A) . The apparent Kd value of acidic calponin for actin was 1.6ϫ10 5 
M
Ϫ1 and saturation occurred approximately at a molar ratio of one acidic calponin to two actin monomers. The apparent Kd value of basic calponin for actin has been reported to be 0.15-1.7ϫ10 5 
Ϫ1 by sedimentation analysis, and the binding is saturated at about 1 mol basic calponin per 3 mol of actin monomers. 16, 34) The estimated Kd value for the binding of acidic calponin to F-actin is adequate as an actinbinding protein. As previously reported, 9) neither calmodulin nor S100 could inhibit acidic calponin binding to F-actin in the presence and absence of Ca . Recently, Yoshimoto et al. 35) have showed that recombinant acidic calponin binds to The bindings of acidic calponin to F-actin, microtubules, desmin filaments, PS vesicles, beads (control), tropomyosin (TM)-beads, calmodulin (CaM)-beads, and S100-beads were examined using sedimentation and beads assays as described in Materials and Methods. The concentrations of acidic calponin, F-actin (Act), microtubules (MTs), desmin (Des) and PS vesicles (PS) were 6 mM, 6 mM, 3 mM, 5 mM and 0.1 mg/ml, respectively. S, supernatant; P, pellet; aCaP, acidic calponin; Tub, tubulin. F-actin up a molar ratio of acidic calponin to actin monomers of 1 : 2 and with an apparent Kd value of 4ϫ10 5 
Ϫ1
. The present values were in good accord with the reported ones.
When acidic calponin and actin are incubated with the zero-length cross-linker EDC, a cross-linking product with an apparent molecular mass of 80 kDa was generated on SDS-gels (Fig. 2B, outline arrowhead) , indicating that one chain of acidic calponin was linked to one chain of actin. The bands with 80 and 37 kDa were immunostained with antiacidic calponin antibodies (data not shown). A similar complex (1 : 1) has been reported when basic calponin was used instead of acidic calponin. 21, 34) Since basic calponin is known as a heat-stable protein (90-95°C, for 2-4 min), 1, 16) we examined the heat stability of acidic calponin. When acidic calponin was heated for 3 min at 95°C, cooled to 0°C in an ice-bath, and centrifuged at 70000ϫg for 10 min, most of the protein (Ͼ80%) was recovered in the pellets, indicating that this protein is sensitive to the heat treatment.
Visualization of Actin Filaments by Electron Microscopy
We examined some characteristics of the interaction between acidic calponin and actin, compared with those between basic calponin and actin. The binding of basic calponin to F-actin has been reported to induce the formation of actin filament bundles in vitro. 6, 36) The morphology of Factin in the presence of acidic calponin was examined by negative-staining electron microscopy (Fig. 3) . Acidic calponin had little effect on the morphology of actin filaments under the conditions that basic calponin formed bundles of actin filaments.
Effects of Acidic Calponin on Actin-Activated Mg
2؉
ATPase Activity Basic calponin is capable of inhibiting the actin-activated Mg 2ϩ -ATPase activity of myosin via its binding to F-actin. [2] [3] [4] [5] 24, 37) To determine the effect of acidic calponin on the actomyosin ATPase activity, we used actin and myosin from rabbit skeletal muscle. The addition of acidic calponin at a molar ratio to actin up to 8 had little effect on actomyosin ATPase activity under the condition where basic calponin at the same molar ratio inhibited the activity by more than 80% (Fig. 4) . Acidic calponin also had no influence on myosin Mg 2ϩ -ATPase activity (data not shown).
Binding Site of Acidic Calponin on the Actin Molecule
We examined the site of actin to interact with acidic calponin. The amount of acidic calponin to cosediment with F-actin was inhibited partially by the addition of basic calponin (Fig. 5A) . This indicates that they share a common or overlapping binding site on the actin molecule (375 amino acid residues). 38) There are at least two different binding sites of basic calponin on the actin molecule. One is N-terminal region of actin at D 1 -E 226 39) and the other is its C-terminal region at K 326 -M 355 . 37, 40) To examine the binding site of acidic calponin on the actin molecule, we used a combination of limited digestion and overlay assay (Fig. 5B) . When G-actin was digested with V8 protease, main fragments with 30/28 and 16 kDa were produced on SDS-PAGE. Mornet and Ue 41) have shown that V8 protease cleaved the actin molecule at E 226 -M 227 and the 30/28 and 16 kDa fragments were derived from N-and C-terminal parts, respectively. Membrane immobilized with actin and its fragments were incubated in solution containing acidic calponin or basic calponin.
Calponins bound to actin were determined by overlay assay with antibodies directed against acidic and basic calponins. We found that the both acidic and basic calponins bound immobilized with undigested actin and 16 kDa fragment but a little with the 30/28 kDa fragments (Fig. 5B) .
Actin was specifically labeled at C-terminal region (C 374 ) with pyrene. 31, 32) As reported previously, 42) the addition of basic calponin decreased the fluorescence intensity of the labeled F-actin (Fig. 5C ). Contrary to basic calponin, we found an increase of the fluorescence intensity by adding acidic calponin. These results strongly suggest that conformational changes of actin binding to acidic calponin are different from those to basic calponin and this property is related to the biochemical functions including the bundling and ATPase inhibitory actions of basic calponin.
Identification of F-Actin Binding Domain in the Acidic Calponin Molecule and Their Interaction with Basic
Calponin-Related Components Limited digestion of acidic calponin by chymotrypsin generated major fragments of 30, 25, 22, 17, 14 and 11 kDa along with other polypeptides on SDS-PAGE (Fig. 6A) . To determine which fragments bind to F-actin, acidic calponin digested with chymotrypsin (at 30°C for 3 min) was incubated with F-actin followed high speed centrifugation. The 30 and 22 kDa fragments cosedimented with F-actin as did native acidic calponin (Fig. 6B) .
The molecular composition of acidic calponin consists of a main structural unit (292 amino acid residues; pIϭ9.1) common to that of basic calponin plus a highly acidic carboxyl-terminal unit (39 amino acid residues, pIϭ3.3). [7] [8] [9] [10] [11] The sequence identity between acidic and basic calponins is about 71%. Domain mapping of chicken basic calponin has been investigated in detail and the domain of V 142 -T 184 is important for basic calponin to express the biochemical functions including actin and calmodulin-bindings. 12, 35, [43] [44] [45] The predicted actin-binding segment (V 142 KYAEK 147 ) is contained in both basic and acidic calponins, whereas the calmodulin-binding site (Q 153 -I 163 ) of basic calponin shares low sequence identity (3/11 residues) compared to those of acidic calponin. The amino acid sequence analyses showed that both 30 and 22 kDa fragments of acidic calponin begin at M 1 . When the digest and PS pellets were analyzed by DE MALDI-time-of-flight (TOF) mass spectrometry, the molecular masses of 30 and 22 kDa fragments were 29065 and 20630, respectively. In addition to the substrate specificity of chymotrypsin, the 30 and 22 kDa fragments may be M 1 -Y 261 and M 1 -Y 182 , respectively. Interestingly, these polypeptides lacking the acidic tail have remarkable degrees of homology in amino acid sequence with the N-terminal and central regions of basic calponin. These regions of basic calponin also contain tropomyosin-, desmin-, tubulin-and PS-binding sites in addition to actin-and calmodulin-binding sites, indicating a possibility that the fragments of acidic calponin interact with these basic calponin-binding proteins and PS vesicles.
We tested whether acidic calponin digested with chymotrypsin (at 30°C for 3 min) interacts with microtubules, desmin filaments, PS vesicles, tropomyosin, calmodulin and S100. Interestingly, both the 30 and 22 kDa fragments cosedimented with PS vesicles (Fig. 6C) , but did not with the proteins described above (data not shown). This indicated that the location of the acidic tail domain was important in controlling the binding of acidic calponin to PS. These fragments also interacted with phosphatidylinositol vesicles as in the case of basic calponin.
Effect of Chymotryptic Digestion on the Conformation of Acidic Calponin The conformation of acidic calponin was investigated by measuring the CD spectrum in the ultraviolet region. We first measured the CD spectrum of basic calponin in 25 mM MES-NaOH, pH 6.9, 0.2 mM DTT and 40 mM NaCl and obtained the estimated values of 14% ahelix and 30% b whose values are in good accord with the reported ones (13% a-helix and 32% b). 31) When acidic calponin was measured under the same buffer condition, it had two negative bands at 206 nm and 222 nm (Fig. 7) . The contents of a-helix and b were estimated to be 10% and 22%, respectively. Interestingly, chymotryptic digestion (1/1000 w/w; at 25°C for 3 min) decreased the a-helix and b contents of acidic calponin to be 7% and 15%, respectively. On the other hand, the contents of a-helix and b in basic calponin were scarcely changed by the limited chymotryptic digestion. These results strongly suggest that the secondary structure of acidic calponin is affected by the acidic tail domain. This may be a biological mechanism by which acidic calponin exerts its function after changing the ordered structures by proteolytic process. This line of investigation is currently in progress. Vol. 25, No. 5 The concentration of acidic calponin was 0.34 mg/ml and the solvent was 25 mM MES-NaOH, pH 6.9, 0.2 mM DTT, and 40 mM NaCl. Acidic calponin was digested with 1/1000 (w/w) of chymotrypsin at 25°C for 3 min. a, Native acidic calponin; b, digested acidic calponin.
